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Abstract: Lettuce plants (Lactuca sativa L.) were grown under salinity stress conditions. Amino acids
(histidine (His), lysine (Lys), phenylalanine (Phe), and threonine (Thr)) were individually applied
to the seedlings to study their impact on the status of the photosynthetic pigments, ion absorption,
proteinogenic metabolism, and peroxidase activity. Investigating the effect of exogenous amino acids
on the metabolism processes showed their potential role in inducing salt stress tolerance in lettuce
plants. Generally, a destructive impact on lettuce plant morphology was observed when the plants
were exposed to salt stress. In contrast, the significant (p < 0.05) mitigation of salt stress was registered
when EAAs were applied to the stressed seedlings while using Threonine and lysine enhanced the
status of the plants under salinity stress. For the salt treatment, the maximum electric conductivity
(580.2 µS/g) was reported while applying EAAs to stressed plants’ decreased EC, and the data ranged
from 522 to 554 µS/g. EAAs decreased the chloride ions in the leaves by 23–30% compared to in the
stressed plants. Additionally, the sodium contents were mitigated when the stressed plants were
sprayed with EAAs. In contrast, applying EAAs enhanced the potassium uptake, and Thr gave the
highest K+ contents (3022 µg/g). EAAs increased the chlorophyll content compared to the control
except when histidine was applied, while the carotene contents significantly increased when histidine
and phenylalanine were used. Endogenous amino acids are highly expressed in non-stressed lettuce
plants compared to the stressed ones. Under salt stress conditions, the threonine usage increased
the expression of proteinogenic amino acids except methionine and tyrosine. Compared to the
salt-stressed plants, the peroxidase activity significantly decreased in the other treatments, which fell
by over 32% when His, Lys, and Phe were applied.

Keywords: Lactuca sativa; salt; abiotic stress; climate change; arid zones; biostimulant

1. Introduction

Environmental conditions are the main factors that determine crop quantitative and
qualitative attributes [1]. In arid zones that occupy 40% of the total land area, drought and
salinity are crucial factors determining the development of sustainable farming activities
in these regions [2,3]. Betwixt the various abiotic stresses, salinity represents a sincere
danger to the growth and development of vegetable crops, particularly in the arid areas of
North Africa, such as Egypt, where more than a quarter of irrigated crops suffer from the
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various levels of salinity conditions [4] due to drainage water from different agricultural
areas along both sides of the Nile valley being returned to the Nile or the main irriga-
tion canals in upper Egypt and the southern Delta. Lettuce, a leafy vegetable consumed
worldwide, grows better during cold seasons under cool temperatures between 7 and
24 ◦C [5,6]. Lettuce leaves are a healthy source of beneficial minerals, fibers, vitamins, and
antioxidants for the human body and positively decrease blood cholesterol and reduce
anxiety [7–9]. The lettuce plant is moderately sensitive to salinity stress that negatively
impacts its productivity [10]. Salt stress determines a plant’s growth because of osmotic
pressure, which hinders the water uptake. The absorbed toxic ions cause physiological and
nutritional imbalances [11]. Likewise, this leads to an oxidative consequence due to the
lavish production of reactive oxygen species (ROS), causing damage to lipids, nucleic acids,
and proteins [12]. These impacts fundamentally harm physiological processes, especially
photosynthesis and protein synthesis [13].

Applying eco-friendly and natural substances to alleviate salinity stress instead of
chemicals is crucial for environmental protection and sustaining the agricultural sector [14].
Amino acids (AAs) have numerous beneficial effects on plants’ growth and development by
their structure as protein units which play a critical role in the biosynthesis of glutamine [15]
and plant hormones [16]. AAs are a source of organic nitrogen and structural molecules that
unite to generate proteins. Additionally, AAs are functional molecules related to various
physiological processes in internal plants tissues [17]. Additionally, they have an influential
nutritional role during the seed germination [18]. Under salt stress conditions, amino acids
act as osmolytes by regulating ion transport, modulating stomatal opening, detoxifying
heavy metals, activating enzymes, gene expression, and redox-homeostasis [19,20].

Lysine is a nutritionally significant essential amino acid whose plant level is mainly
regulated by its synthesis rate [21]. This represents crucial roles in abiotic and biotic stresses
responses [22–24]. Phenylalanine also is an essential component of protein synthesis, lo-
cated upstream of growth hormones and secondary metabolites with various biological
functions and promoting the abiotic and biotic stress tolerance necessary for protein syn-
thesis [25,26]. Threonine is crucial in biochemical responses to salinity stress [27,28]. It
regulates plant growth, cell division, and phytohormones [29,30]. Many physiological
studies have referred to the role of histidine as chelators and transporters of absorbed
metal ions in plant tissues [31]. Moreover, the exogenous foliar uptake of free amino acids
gave beneficial properties such as enhancing photosynthesis, forming coenzymes [32],
and supporting plant organisms to face the environmental stress [19,33], where an in-
creasing protein content in plants has been influenced by the application of exogenous
amino acids [34].

Such investigations will help producers who do not have good quality water for
the production of lettuce and other vegetable crops and highlight the physiological and
biochemical changes that occur during the exposure to salinity. Therefore, this work aimed
to evaluate the hypothesis that the supplemental foliar application of amino acids attenuates
the detrimental impacts of salt stress on lettuce plants.

2. Material and Methods
2.1. Experimental Conditions

Lettuce seeds (Lactuca sativa L.) cultivar Dachny were sown in a 260 g pot filled with
Substrate based on peat with biohumus containing in mg/kg (N-350; P-270; K-200). The
salt treatment started after two true leaves appeared, and then the seedlings were foliarly
applied with exogenous amino acid solutions. At the same time, plants were irrigated with
saline water (50 mM NaCl). Controlled plants were sprayed and irrigated with distilled
water. Seedlings were kept in the greenhouse at 25 ◦C daily and 18–20 ◦C at night with
approximately 70% relative humidity with artificial blue light (400–500 nm) for 10 h daily.
The greenhouse was continuously ventilated to avoid plant disease manifestation [35].
Plants were sprayed twice weekly for 35 days with exogenous amino acids (0.5 g/L). Four
exogenous amino acids (Sigma-Aldrich, St. Louis, MO, USA) were applied (histidine (His);
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lysine (Lys); phenylalanine (Phe); threonine (Thr)). The plants were left for two days before
collecting the samples for morphological, physiological, and bio-chemical analyses.

2.2. Morphological, Physiological, and Biochemical Measurements

Number of leaves/plant (Pcs), average leaf area (cm2), fresh weight (g), and dry matter
(mg) were determined. The dry matter content was measured by drying the leaves at 50 ◦C
until a constant weight was reached [36]. Relative water contents (%) were calculated
using the fresh weight and dry matter data. In addition to phenotypical characteristics, the
photosynthetic pigments of lettuce leaves were determined. Chlorophylls and carotene
contents (mg g–1 FW) were spectrophotometrically measured. Then, 0.2 g of fresh leaves
tissues were ground in 90% acetone. Absorptions were taken at 663 nm and 644 nm for
chlorophylls and 452.5 nm for carotenoids [37,38], and the following equations were used:

Chlorophyll a (Chla) = 10.3 × Abs663 − 0.918 × Abs644

Chlorophyll b (Chlb) = 9.7 × Abs644 − 3.87 × Abs663

Carotene (Car) = 4.2 × Abs452.5 − (0.0264 × Chla + 0.4260 × Chlb)

However, Abs663, Abs644, and Abs452.5 had absorbances at 663, 644, and 452.5 wavelengths
and were expressed in mg g–1 fresh weight of lettuce leaves (FW). The titratable acidity
was determined by titration, and the results were expressed in mg/100 g [39]. Vitamin C
was determined by the 2,6-dichlorophenolindophenol method [40].

2.3. Ions Uptake Determination

For determining the ion contents (Cl−, Na+, K+) in lettuce tissues, the elements were
extracted with 25 mL of deionized water using an ultrasonic device (Sapphire, Moscow,
Russia) from the 200 mg fresh weight of leaves. The extraction was carried out for 30 min
at 40 ◦C. The ultrasound power level used was 35 kHz. After cooling, the samples were
passed through a porous filter (0.45 µm). The prepared samples were immediately used
for the analysis of ions. The determination of the content of the elements in the samples
was carried out using ion-selective electrodes: potassium using a potassium electrode
(ELIT-031); sodium—sodium electrode (ELIS-112); chlorine—chloride electrode (ELIT-261)
using ITAN ionometer (TomskAnalit, Russia). This device determines the content of ions in
mg /l by plotting the dependence of the EMF in the concentration of ions according to a pre-
built scale of reference solutions in the studied concentration range (10-1–10-4 M). A silver
chloride electrode (EVL-1M3.1) was used as a reference electrode. The potassium/sodium
ratio was calculated when measuring the ions’ concentration in the samples. Electrolytes
contents in the samples was measured by the electrical conductivity of the solution using
an Expert-002 conductometer (Ekoniks, Moscow, Russia). The change in the electrical
conductivity of the samples in µS/g is proportional to the concentration of electrolytes and
reflects the degree of accumulation of ions in plant tissues [41–43].

2.4. Amino Acid Determination

The hybrid triple quadrupole-linear ion trap 3200 QTRAP LC-MS/MS system of
Applied Biosystems/MDS SCIEX (Foster City, CA, USA) coupled to an HPLC column
LUNA-C18 (2) from Phenomenex (Torrance, CA, USA) was employed for QTRAP MS. The
amino acids were determined in the positive MS mode by the mass-to-charge ratio for the
primary and secondary ions after the elution from the column in a 50% aqueous solution
of acetonitrile supplemented with 0.1% formic acid [44]. Possible changes in the system
sensitivity were checked by the repeated runs of both the calibration standards and the
extracts during the day of the assays. The standard solution containing the amino acids
at concentrations of 10 µM each was prepared in the extraction mixture (50% methanol
in water, supplemented with 0.1% acetic acid, pH 3.85). Freshly prepared dilutions of
this standard mixture with the mobile phase (50% aqueous solution of acetonitrile supple-
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mented with 0.1% formic acid) were performed to obtain the standards with the amino
acid concentrations 0.2, 0.4, and 0.8 µM each. All the amino acids detected in standard
mixtures in this concentration range showed the linear dependence of the peak area on
concentration. With a 20 µL aliquot of a 10-fold-diluted cerebellum extract applied to the
column, all amino acids except Glu concentrations were within the linear response range
and could thus be determined in a single run [44]. Endogenous amino acids in lettuce
leaves are expressed as g/100 g of dried leaves.

2.5. Determination of Antioxidant Enzymes

The reaction mixture contained 50 mM Na-phosphate buffer (pH 7.8), 50 mM guaiacol,
2% H2O2, and 0.1 mL enzyme extraction. Absorbance was measured with a spectropho-
tometer at 470 nm. One unit of POD activity was determined as the amount which caused
an increase in absorbance at 470 nm of 0.01 in a minute, and the result was expressed as U/g
FW/min [45]. For measuring the catalase (CAT) activity, the reaction was started by adding
0.1 mL of plant homogenate to 2 mL of 0.03% hydrogen peroxide solution. Moreover,
0.1 mL was used as a control sample. The reaction was stopped after 10 min by adding 4%
ammonium molybdate. Then, the color intensity was measured at a wavelength of 410 nm
against a control sample in which, instead of peroxide, hydrogen was added with 2 mL
of water [46].

2.6. Statistical Analysis

The experiment was adjusted in a complete randomized design (CRD) with five
replicates. One-way ANOVA analysis was performed using R programming. The data
were expressed in mean ±SD. Tukey test was performed to compare the means (p < 0.05).
The principal component analysis was run using XLSTAT v. 2023.1.1.

3. Results

The morphological growth status of lettuce seedlings under this study is presented
in Figure 1. The illustrated data show a negative impact of salinity stress on the lettuce
plant morphology compared to non-treated ones. A significant (p < 0.05) mitigation of
salt stress was observed when the EAAs were applied to the stressed seedlings, and the
highest number of leaves per plant was registered when the plants were sprayed with
Thr (Figure 1A). The salt solution (50 mM) decreased the number of leaves compared to
the DH2O treatment (distilled water treatment) by 50%. Fresh weight (FW) refers to all
substances that were absorbed and formatted by a plant’s tissues, whereas the dry matter
(DM) was calculated by subtracting the water content (RWC) from the biomass [47]. EAAs
enhanced the absorption of water and nutrients under salinity conditions, and the highest
FW (6.6 g) and DM (318 mg) were obtained from threonine treatment (salt + Thr), while the
minimum weights (2.1 g and 139 mg, respectively) were found in the induced stress plants
(salt treatments). The relative water content (RWC) on lettuce leaves ranged from 93 to 95%.
The statistical analysis showed that the EAAs have no significant impact on the RWC of
lettuce leaves (Figure 1D). According to the illustrated data, the lettuce leaves shrank as a
natural response to salinity conditions (Figure 1E). The leaf area (LA) decreased by 45%
when the plants were exposed to salt stress. The maximum LA (34.01 cm2) was obtained
from DH2O, which did not statistically differ from Lys and Thr treatments, while the least
LA was observed from Phe and salt treatments, which produced LA with less than 20 cm2.

Generally, the electrical conductivity (EC) was higher in the exposed plants to salt
stress than in non-stressed (DH2O). Salt treatment registered the maximum EC result
(580.2 µS/g) while applying EAAs on stressed plants, which decreased EC, and the data
ranged from 522 to 554 µS/g. The minimum EC (462 µS/g) was obtained from the non-
treated plants. The determination of chloride, sodium, and potassium contents in the leaves
was expressed in µg/g FW (Figure 2). As expected, the Cl contents increased (1462 µg/g)
on tissues exposed to salt stress. The EAAs decreased the chloride contents in the leaves
by 23–30% compared to the stressed plants, whereas the most negligible chloride contents
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(998 µg/g) were found in DH2O treatments where the plant was non-treated with salt. As
in the chloride content trend, sodium contents were mitigated when the stressed plants
were sprayed with EAAs. The Lys treatment gave the best mitigation results (−40%)
compared to the stressed plants, and its impact is close to that on the non-treated plants
(1292 µg/g). In contrast, applying EAAs enhanced the potassium uptake (Figure 2D), and
Thr gave the highest K+ contents (3022 µg/g) compared to the other EAAs. The K+ content
decreased (2684 µg/g) in the His treatment, whereas the maximum amount of K+ resulted
from DH2O with 30% more than in stressed tissues (2446 µg/g).
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Figure 1. Leaves number (A), fresh weight (B), dry matter (C), relative water contents (D), leaf area
(E), and electrical conductivity (F) of lettuce leaves exposed to individual exogenous amino acids (his-
tidine, lysine, phenylalanine, and threonine) under salinity (50 mM NaCl) stress conditions. In each
figure, columns that share the same letter (lowercase characters) are not differ statistically at p ≤ 0.05.
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Figure 2. Chloride content (A), sodium content (B), potassium content (C), sodium–potassium
ratio (D), chlorophyll a content (E), and chlorophyll b content (F) of lettuce leaves exposed to individ-
ual exogenous amino acids (histidine, lysine, phenylalanine, and threonine) under salinity (50 mM
NaCl) stress conditions. In each figure, columns that share the same letter (lowercase characters) are
not differ statistically at p ≤ 0.05.

Values of sodium–chloride ratio (Figure 3A) ranged from 0.42 in non-stressed plants
(DH2O) to 0.74 in susceptible plants to salt stress. EAAs reduced Na/Cl ratio by increasing
potassium and reducing the chloride uptake. The minimum ratio (0.51) was obtained
when Lys was applied compared to the other EAAs. The application of Phe and Thr gave
the same ratio (0.55), while the His treatment showed the highest (0.62). Photosynthesis
is the primary metabolic process to push forward plant growth and development. Our
results indicate that photosynthetic pigments (chlorophyll and carotene) decreased under
stress conditions [11,47].
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Figure 3. Total chlorophyll content (A), carotene content (B), chlorophyll ratio (C), chlorophyll
carotene ratio (D), acidity (E), and vitamin c content (F) of lettuce leaves exposed to individual
exogenous amino acids (histidine, lysine, phenylalanine, and threonine) under salinity (50 mM NaCl)
stress conditions. In each figure, columns that share the same letter (lowercase characters) are not
differ statistically at p ≤ 0.05.

Chlorophyll a (Chla) was clearly expressed in the non-stressed lettuce leaves (8.75 mg/L)
and vice versa in the stressed plants, where the Chla contents decreased by 17%. The results
obtained from His and Lys did not statistically differ from the salt treatments; also, the
data of Chla that were measured from all EAAs treatments were significantly similar. The
chlorophyll b (Chlb) content represents half the amount of Chla in the higher plants’ tissues,
and our results are identical to these general findings. Exposing lettuce plants to salinity
stress decreased the Chlb contents on the leaves, and the minimum amount (3.6 mg/L) was
obtained from the salt and His treatments, while the application of Lys increased Chlb in
the stressed plants by more than 16% compared to salt treatment. The result of applying
EAAs to reduce salt stress on the total chlorophyll contents (TCh) in lettuce plants is shown
in figure (3D). All the applied EAAs mitigated salinity stress by increasing the TCh contents
compared to the control except His treatment.

Carotene demonstrates an essential role in photosynthesis, namely that of protecting
leaves’ tissues from excess light [48]. Lettuce leaves which were not exposed to salt stress
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shared the highest levels of carotene (2.1 mg/L), while the minimum results (1.8 mg/L)
were observed in the stressed plants (Figure 4A). The carotene contents significantly in-
creased when His and Phe were applied, whereas Lys and Thr did not considerably affect
carotene contents in lettuce leaves. Salt treatments increased the chlorophyll ratio (Chl
ratio) except when Lys was applied, which registered a minor ratio (1.89), and its result
was not statistically significant compared to the non-stressed treatment (1.87), whereas
His treatment gave the highest ratio (2.21). Non-significant differences among the studied
treatments were observed when the Chl/Car ratio was calculated, and the ratio ranged
from 5.73 in His to 6.67 in Lys and vice versa; considerable variations resulted when acidity
was determined in the lettuce leaves. Under stress conditions, stressed and Lys treat-
ments promoted the leaves’ acidity by more than 9.5%, while the Phe treatment decreased
to 2.85%. The plants irrigated with DH2O registered balanced acidity (5.39%) among
all other treatments.
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Figure 4. Level of endogenic amino acids in lettuce leaves (g/100 g) as affected by exogenous amino
acids (histidine, lysine, phenylalanine, and threonine) under salinity (50 mM NaCl) stress conditions:
asparagine (A), threonine (B), serine (C), glycine (D), proline (E), and glutamine (F). In each figure,
columns that share the same letter (lowercase characters) are not differ statistically at p ≤ 0.05.
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Proteinogenic metabolism: An extensive investigation of amino acids was performed
in this work, wherein 17 amino acids were determined. Generally, endogenous amino acids
are highly expressed in non-stressed lettuce plants compared to stressed ones. Individually,
the non-stressed plants expressed the highest concentration of asparagine (2.63 g/100 g)
compared to those of stressed lettuce plants, whose contents ranged from 1.08 in Phe
treatment to 2.17 in the Thr treatment. On the other hand, the Thr application increased
endogenic threonine contents by over 50% compared to the stressed treatment, while a
minor concentration was observed in the Phe treatment. The same trend was also observed
when serine and glycine were determined, where Thr increased the serine (0.93 g/100 g)
and glycine (1.11) contents in the stressed leaves compared to the other stressed treatments,
and its impact did not statistically differ from the non-stressed plants (Figure 5).
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Figure 5. Level of endogenic amino acids in lettuce leaves (g/100 g) as affected by the exogenous
amino acids (histidine, lysine, phenylalanine, and threonine) under salinity (50 mM NaCl) stress
conditions: alanine (A), valine (B), methionine (C), isoleucine (D), leucine (E), and tyrosine (F). In each
figure, columns that share the same letter (lowercase characters) are not differ statistically at p ≤ 0.05.
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When proline was determined, we observed that its concentration increased in the
salt-stressed plants compared to in the DH2O treatment except for Phe, which gave the
minimum contents of endogenous proline with less than 0.62 g/100 g, while Thr enhanced
the proline contents (1.40) under the salinity stress conditions. The glutamine contents
ranged from 1.39 to 3.00 g/100 g. The His and Lys treatments improved the glutamine
content in the stressed leaves by more than 45% compared to the control.

The exogenous application of threonine to the salinity-stressed lettuce plants enhanced
the content of the most studied endogenous amino acids such as alanine (1.22), valine
(1.32 g/100 g), isoleucine (0.97 g/100 g), and leucine (1.81 g/100 g), compared to the
other investigated EAAs. Its results are similar to those determined from the non-stressed
plants (DH2O), whereas the exogenous Phe decreased the expression of the most studied
endogenous amino acids such as alanine (0.62 g/100 g), valine (0.65 g/100 g), isoleucine
(0.45 g/100 g), leucine (0.82 g/100 g), methionine (0.07 g/100 g), and tyrosine (0.28 g/100 g).
Under salinity stress conditions, the maximum methionine content was determined in the
His (0.13 g/100 g) and control (0.14 g/100 g) treatments.

The salinity decreased the phenylalanine contents in the leaves compared to the
non-stressed leaves. Spraying EAA phenylalanine did not increase the expression of
endogenous phenylalanine in the lettuce leaves but gave the most negligible contents
(0.67 g/100 g). In contrast, the maximum endogenous phenylalanine (1.15 g/100 g) was
registered from the salinity-stressed plant when treated with the EAA threonine (Figure 6).
The ornithine content in salt-stressed plants ranged between 0.15 in Phe and 0.28 g/100 g in
Thr. The result of non-stressed plants statistically does not differ from salt + His treatments.
The lysine contents (1.20–1.40 g/100 g) were similar in the studied treatment except for
the control (0.88) and His (0.59) treatments. In this study, endogenous histidine contents
approximately represent half of the lysine contents in the lettuce leaves, and its trend
is similar to lysine in the leaves. The same finding was observed when arginine was
determined. Except for Phe and control, which gave the minimum contents (0.53 and
0.81 g/100 g, respectively), the other treatment increased the arginine contents under
salinity stress conditions, and the data ranged from 1.01 to 1.24 g/100 g. Finally, the protein
content in the salt-stressed leaves ranged from 9.69 g/100 g (Phe) to 19.41 g/100 g (Thr),
whereas the highest value (20.26 g/100 g) was obtained from the non-stressed plants with
39% more than in the control treatment (salt).

Peroxidase and catalase activities: Under salt stress conditions, plant defense-related
activities (POD) were significantly increased (Figure 7A) compared to the non-stressed
plants and vice versa when the catalase (CAT) activities were measured (Figure 7B). Peroxi-
dases are engaged in various physiological processes in plants, especially interacting with
biotic and abiotic stresses. Peroxidases also play a role in the scavenging ROS produced
under salinity stress conditions and can cause oxidative damage in plant tissues [12,49].

Compared to the salt-stressed plant, the antioxidant enzymatic activity of peroxidase
showed a significant decrease in all other treatments with more than 11% in the Thr and
DH2O treatments, whereas the maximum reduction was observed in His, Lys, and Phe
with over 32% compared to the stressed one. The CAT activity decreased by 40 in salt
treatment compared to DH2O. Applying EAAs improved CAT under salt stress conditions.
His and Phe gave the maximum results 0.36 and 035, respectively, while the least activities
(0.23) were found when Thr was applied.

Principal component analysis: PCA is considered a dimensionality-reduction method
frequently applied to decrease the dimensionality of all collected data into a smaller
one. PCA was performed to discuss the correlation of the studied parameters of lettuce
seedlings with the different applied amino acids under salinity stress conditions. The biplot
(Figure 7D) represents simple segregation into two clusters among the param-ters. The first
three components had 90% eigenvalues in the variance, and the obtained data illustrate
that PCA1 indicates 57.1% variability, and PCA2 indicates 25.5% variability. The PCA
biplot shows the loading of different variables on the first two PCA (PC1 and PC2), which
explained more than 80% of the variance. All the variables are strongly indi-cated in the
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plot, as cleared from the long vectors, except carotene contents. All examined variables
were positively correlated with PCA1 except Cl, Na, EC, and Na/K ratio. While more than
half of the studied variables were negatively correlated with PCA2 (Figure 7C). In general,
the data in (Figure 7C) formatted three clusters. A strong positive correlation was spotted
among the measured parameters within the same group.
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Figure 6. Level of proteinogenic response in the lettuce leaves (g/100 g) as affected by exogenous
amino acids (histidine, lysine, phenylalanine, and threonine) under salinity (50 mM NaCl) stress
conditions: phenylalanine (A), ornithine (B), lysine (C), histidine (D), arginine (E), and total pro-
tein (F). In each figure, columns that share the same letter (lowercase characters) are not differ
statistically at p ≤ 0.05.
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Figure 7. Activity of (A) peroxidase; (B) catalase enzymes of lettuce leaves as affected by exogenous
amino acids (histidine, lysine, phenylalanine, and threonine) under salinity (50 mM NaCl) stress
conditions; (C) principal component analysis; and (D) scree plot where PCA1 and PCA2 explain
more than 82% of the total variation. In figure A and B, columns that share the same letter (lowercase
characters) are not differ statistically at p ≤ 0.05.

4. Discussion

Plants are exposed to several environmental stresses, such as salinity, water deficit,
temperature extremes, and toxic metal contamination. Depending on the stress degree,
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these factors reduce the cultivated crops’ growth and productivity [11,50]. Salinity stress
negatively impacts plant growth, development, and quality by altering the metabolism
of various physiological and biochemical processes, causing a reduction in productivity,
especially in arid zones such as the Mediterranean region [51], where water salinity is above
the threshold tolerated by plants [52,53]. The problem is also exacerbated by high tempera-
tures and water shortage [54]. Our study investigated the role of the foliar application of
exogenous amino acids on lettuce plants under salt-stress-simulated conditions. The results
mainly showed that EAAs mitigated the negative impacts of saltinity on lettuce plants.
Below, we discussed the biological mechanism plants used to tolerate salt stress conditions
and how EAAs enhanced the salt stress tolerance. Applying exogenous amino acids as an
approach has been considered a sustainable strategy to mitigate salinity stress [55,56]. The
application of EAAs enhanced seed germination and plant growth [47]. The application
of a plant-derived protein hydrolyzate enhanced the fresh weight, dry biomass, and plant
performance in lettuce [57], lentil [58], and soybean [59] grown under salinity conditions.
In the current study, the lettuce phenotype was significantly affected by salinity stress
due to the shortage of water and nutrient uptake by the stressed plants [60]. Our findings
show that the EAAs lysine and threonine mitigated salt stress compared to phenylalanine
and histidine. While the application of EAAs alleviated the deleterious impacts of mass,
number, and the area of lettuce leaves, those treated with lysine and threonine showed
greater results than the control. The positive role of EAAs on growth and development has
been widely confirmed in other agricultural crops [55,61]. Salinity is the primary environ-
mental stress that ruins the physiological processes in plants, such as photosynthesis and
its pigments [62,63]. In this study, we observed that the TCh decreased by 57% in plants
exposed to concentrations of 50 mM of NaCl compared to the standard treatment. While
EAAs mitigated the deterioration of photosynthetic pigments when applied to the stressed
plants, EAAs play a vital role in protecting proteins and photosystems against the negative
impact of salt stress [64], and act as osmolytes to balance the cellular osmotic potential and
control ions transport [65].

Under salinity stress conditions, plant tissues accumulate high concentrations of Na+,
affecting the homeostasis of other elements such as K+, and causing physiological problems
and ion imbalances [66,67]. Our findings show that, regardless of the high accumulation of
Na+ in plants exposed to 50 mmol L−1 of sodium chloride, the EAAs reduced the Na+ and
Cl− contents. In contrast, the K+ content was increased in plant tissues where the salinity
causes cell desiccation and ionic and osmotic imbalance [59]. Therefore, incorporating
EAAs into plant leaves may be associated with storing precursors for protein synthesis to
reflect a speedy recovery of plant metabolism after stress [68]. Recent studies have also
highlighted the crucial roles of EAAs in regulating ionic homeostasis [69,70]. Salt stress
leads to an observed increase in the proline contents in the lettuce leaves. This response is
familiar to salinity stress, as mentioned in numerous investigations [71–75].

In most studies, endogenous amino acids exhibited a similar trend, i.e., the amino
acid content increased as the salinity level decreased, and the amino acid contents were
maximum at standard plants. In contrast, the lowest contents were measured from the
highest salt stress treatments, except for proline which dominated a significant proportion
of the total AA content. [76]. The plants react to salt stress by accumulating more osmolytes
such as proline [62,77], which has a low molecular weight and is considered the main
osmoprotectant, which is recognized to regulate salt tolerance, protect membrane integrity,
and stabilize enzymes and proteins [78]. Furthermore, AAs may act as vital osmolytes in
balancing the cellular osmotic potential and manage the ion transport [77]. According to our
results, the EAAs increased the endogenous amino acid contents in the leave tissues under
salinity stress, resulting in a good adaptation and osmotic adjustment in plants. This fact has
been proved in other cultures where the EAAs decreased the salinity impact [79,80]. EAAs
are essential to plant metabolites in protein synthesis and other critical cellular functions.



Horticulturae 2023, 9, 626 14 of 17

5. Conclusions

In conclusion, exogenous amino acids positively affect proteinogenic amino acids, ion
absorption, and the physio-biochemical characteristics of lettuce plants. We proved that
the application of free amino acids as biostimulants is a valuable tool in the face of climate
change and environmental stresses such as salinity stress. This study briefly underestimated
the predictable crop damage scenario via salinity stress in arid zones caused by climate
change. Therefore, the future strategy of using biostimulants based on exogenous amino
acids may be crucial to mitigate and reduce abiotic stress and sustain farming systems.

Author Contributions: Conceptualization, M.A. and L.V.; methodology, M.A., L.V., O.S., A.K.; soft-
ware, M.A., M.P. and E.L.; validation, M.A., N.Z., R.Y. and A.T.; formal analysis, M.A.; investigation,
M.A., M.P.; resources, E.L.; data curation, M.A. and N.Z.; writing—original draft preparation, M.A.
and R.Y.; writing—review and editing, L.V.; supervision, L.V.; project administration, M.A. and L.V.;
funding acquisition, A.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Mostafa Abdelkader is funded by a full scholarship (2958AC) from the Ministry
of Higher Education, Egypt. This work was supported by the RUDN University Strategic Academic
Leadership Program.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gardner, A.; Gaston, K.; Maclean, I. Combining qualitative and quantitative methodology to assess prospects for novel crops in a

warming climate. Agric. Syst. 2021, 190, 103083. [CrossRef]
2. Tan, M.; Zheng, L. Increase in economic efficiency of water use caused by crop structure adjustment in arid areas. J. Environ.

Manag. 2019, 230, 386–391. [CrossRef]
3. Abdelkader, M.; Zargar, M.; Murtazova, K.M.-S.; Nakhaev, M.R. Life Cycle Assessment of the Cultivation Processes for the Main

Vegetable Crops in Southern Egypt. Agronomy 2022, 12, 1527. [CrossRef]
4. International Center for Agricultural Research in the Dry Areas. Annual Report; International Center for Agricultural Research in

the Dry Areas: Beirut, Lebanon, 2009.
5. Jenni, S. Rib discoloration: A physiological disorder induced by heat stress in crisphead lettuce. Hortscience 2005, 40, 2031–2035.

[CrossRef]
6. Wei, S.; Yang, X.; Huo, G.; Ge, G.; Liu, H.; Luo, L.; Hu, J.; Huang, D.; Long, P. Distinct metabolome changes during seed

germination of lettuce (Lactuca sativa L.) in response to thermal stress as revealed by untargeted metabolomics analysis. Int. J.
Mol. Sci. 2020, 21, 1481. [CrossRef]

7. Shin, Y.K.; Bhandari, S.R.; Jo, J.S.; Song, J.W.; Cho, M.C.; Yang, E.Y.; Lee, J.G. Response to Salt Stress in Lettuce: Changes in
Chlorophyll Fluorescence Parameters, Phytochemical Contents, and Antioxidant Activities. Agronomy 2020, 10, 1627. [CrossRef]

8. Camejo, D.; Frutos, A.; Mestre, T.C.; Piñero, M.D.C.; Rivero, R.M.; Martínez, V. Artificial light impacts the physical and nutritional
quality of lettuce plants. Hortic. Environ. Biotechnol. 2020, 61, 69–82. [CrossRef]

9. Baslam, M.; Pascual, I.; Sánchez-Díaz, M.; Erro, J.; García-Mina, J.M.; Goicoechea, N. Improvement of nutritional quality of
greenhouse-grown lettuce by arbuscular mycorrhizal fungi is conditioned by the source of phosphorus nutrition. J. Agric. Food
Chem. 2011, 59, 11129–11140. [CrossRef]
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